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SUMMARY 


The  primary  objective  of  this  research  was  the  development  of  techniques 
to  investigate  the  kinetics  and  mechanism  of  the  corrosion  of  titanium  metal  by 
a hot  perfluoropolyether  lubricant.  The  method  originally  expected  to  be  most 
appropriate  was  photoacoustic  spectroscopy  using  piezoelectric  detection.  Such 
an  apparatus  was  found  to  be  satisfactory  for  measuring  the  visible  absorption 
spectrum  of  static  solid  systems  such  as  a neodymium(III)  glass  laser  rod.  A 
Fourier  transform  photoacoustic  spectrometer  was  assembled  from  a Michel  son  in- 
terferometer and  a dedicated  minicomputer  with  the  expectation  that  it  would  be 
more  suitable  for  measuring  fairly  rapid  changes  in  the  visible  absorption  spec- 
trum of  a corroding  surface.  However,  neither  type  of  photoacoustic  spectrom- 
eter proved  effective  in  observing  titanium  corrosion  by  the  hot  perfluoropoly- 
ether. A steep  thermal  gradient  in  a titanium  rod,  one  end  of  which  was  bathed 
with  lubricant  at  270°C  while  the  other  end  was  in  contact  with  the  piezoelec- 
tric (barium  titanate)  detector  at  room  temperature,  posed  intractable  noise 
problems  for  either  type  of  photoacoustic  spectrometer. 

A CW  argon-ion  laser  was  then  adapted  for  a reflectance  study  of  the  tit;in- 
ium  corrosion  reaction.  The  rate  of  corrosion  is  a strong  function  of  the  amount 
of  oxygen  available  in  and  above  the  hot  lubricant.  The  degradation  of  the  lu- 
bricant and  resultant  formation  of  TiF3  on  the  titanium  surface  is  accelerated 
by  TiF3  corrosion  products  but  is  unaffected  by  the  intense  laser  illumination. 
From  kinetic  data  covering  the  215  to  270°C  temperature  range  an  activation 
energy  for  the  overall  corrosion  process  of  19  kJ/mole  was  found.  When  the  ti- 
tanium surface  is  carefully  polished  to  remove  all  traces  of  corrosion  products 
an  extended  induction  time  precedes  the  exponential  corrosion  process. 

The  most  significant  accomplishment  to  emerge  from  these  studies  was  the 
reduction  to  practice  of  a Fourier  transform  photoacoustic  spectrometer  that  ap- 
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pears  to  be  adaptable  to  transient  mid-infrared  surface  absorption  spectral 
measurements. 

Incidental  byproducts  of  this  research  were  complex  ion  formation  and  pro- 
ton transfer  kinetic  studies  (in  liquid  water,  methanol,  and  acetonitrile)  car- 
ried out  primarily  by  unpaid  foreign  visitors  to  our  laboratory  on  minicomputer 
controlled  ultrasonic  absorption  and  electric  field  jump  equipment  paid  for  by 
previous  AFOSR  grants. 

DISCUSSION 

The  goals  of  this  twenty-two  month  research  period  were  basically  two  fold: 

1)  We  sought  a better  understanding  of  the  kinetics  and  mechanism  of  the  corro- 
sion of  titanium  metal  by  a hot  perfluoropolyether  lubricant  (DuPont  PR-143); 
and  2)  We  proposed  to  adapt  photoacoustic  spectroscopy  (PAS)  to  the  measurement 
of  fast  transients  in  the  visible  absorption  spectrum  of  a corroding  surface. 

The  results  achieved  under  our  first  objective  have  not  yet  been  submitted 
for  publication.  Difficulties  with  a noisy  PAS  signal  arising  from  a steep 
thermal  gradient  in  the  titanium  metal  rod  between  the  corroding  titanium  sur- 
face (at  270°C)  and  the  piezoelectric  transducer  (at  room  temperature)  forced 
us  to  abandon  PAS  measurements  of  titanium  corrosion.  We  resorted  instead  to 
the  use  of  a laser  beam  reflectance  technique  to  obtain  our  titanium  corrosion 
kinetic  data.  These  experiments  are  described  in  Appendix  I of  the  present  tech- 
nical report.  The  most  interesting  features  of  the  results  are  an  expected  strong 
dependence  on  the  amount  of  oxygen  present  in  and  above  the  hot  lubricant  and  an 
unexpectedly  strong  dependence  of  the  corrosion  rate  on  the  presence  of  traces  of 
TiFj  corrosion  products  on  the  titanium  metal  surface. 


In  the  early  part  of  the  grant  period  (February-June,  1977)  we  perfected 
our  measurements  of  the  visible  absorption  spectrum  of  neodymium(III)  doped  laser 
glass  using  PAS  and  a piezoelectric  barium  titanate  detector.  These  results  were 


published  in  April,  1978  (see  publication  no.  5 below).  In  September,  1977  we 
conceived  the  idea  of  a Fourier  transform  photoacoustic  spectrometer  that  could 
do  either  of  two  things:  improve  the  signal  to  noise  ratio  for  a given  observa- 
tion time  or  shorten  the  observation  time  required  to  achieve  a given  signal  to 
noise  ratio.  At  the  time,  the  motivation  for  assembling  such  an  instrument  was 
two-fold:  it  might  aid  us  in  getting  PAS  data  on  the  corrosion  of  titanium  by 
hot  lubricant  and  it  might  also  point  the  way  to  a workable  infrared  PAS  that 
would  have  far  wider  applicability  than  the  visible  photoacoustic  spectrometers 
that  had  then  gone  into  commercial  production. 

We  completed  a prototype  Fourier  transform  photoacoustic  spectrometer  in 
April,  1978.  A manuscript  reporting  the  measurement  of  the  photoacoustic  spec- 
trum of  neodymium(III)  doped  laser  glass  with  this  new  instrument  was  subsequently 
published  (see  publication  no.  7 below).  Since  we  found  we  could  not  use  FTPAS 
to  follow  the  corrosion  of  titanium  by  hot  lubricant  (because  of  noise  associated 
with  a thermal  gradient  in  the  system),  comparatively  little  additional  work  has 
been  done  to  improve  the  prototype  FTPAS  instrument.  Appendix  II  is  an  up  to  date 
description  of  our  FTPAS  instrument  and  its  manner  of  operation  essentially  as 
we  have  treated  it  in  publication  no.  11  below.  We  believe  that  such  a Fourier 
transform  instrument  can  be  adapted  for  studies  of  surfaces  at  infrared  wave- 
lengths and  are  seeking  funds  to  explore  this  possibility  from  several  new  re- 
search sponsors. 

Foreign  visitors  to  our  laboratory  (l)rs.  F.  A.  Vazquez  and  Liccsio  Rodriguez 
from  Spain  and  Dr.  Frank  Strohbusch  from  Germany)  were  largely  responsible  for 
most  of  the  other  papers  acknowledging  financial  assistance  of  this  grant  that 
are  listed  below.  These  visitors  drew  stipends  from  their  respective  governments 
but  used  AFOSR  purchased  equipment  (an  ultrasonic  absorption  spectrometer,  mini- 
computer, and  an  electric  field  jump  relaxation  method  apparatus)  to  complete 
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these  kinetic  studies  of  fast  chemical  reactions  occurring  in  homogeneous  solu- 
tions. The  studies  involving  crown  ether  kinetics  (references  1,  3,  4,  6,  and 
10  below)  are  potentially  interesting  in  connection  with  liquid  membrane  separa- 
tions of  radioactive  isotopes  from  nuclear  reactor  wastes. 
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TITANIUM  CORROSION  BY  A HOT  PERFLUOROPOLYE  OER* 

by 

WAYNE  L.  CHANDLER,  LINDSAY  B.  LLOYD,  MICHAEL  M.  F ARROW +, 

ROGER  K.  BURNHAM,  AND  EDWARD  M.  EYRING 

Department  of  Chemistry 
University  of  Utah 
Salt  Lake  City,  Utah  84112 

ABSTRACT 

The  kinetics  and  mechanism  of  titanium  corrosion  by  Krytox  MLO-71-6  are 
reported.  The  rate  of  corrosion  is  found  to  be  dependent  on  the  presence  of  mo- 
lecular oxygen  in  the  environment.  For  titanium  corrosion  to  occur  the  lubricant 
chains  must  first  break  down  into  smaller  reactive  molecules.  This  degradation 
process  is  accelerated  by  TiF,  corrosion  products  on  the  metal  surface,  thus 
giving  rise  to  a chain  mechanism.  The  corrosion  is  not  promoted  by  intense  CW 
laser  illumination  at  A = 514  nm. 

INTRODUCTION 

Pcrfluoropolyethers  have  enjoyed  some  success  as  replacements  for  more  con- 
ventional lubricants  in  high  temperature  environments  such  as  jet  aircraft  en- 
gines. They  tend,  however,  to  corrode  steel  and  titanium  metal  surfaces  at 
temperatures  of  204  to  410°C  (400-770°F) , and  a micro-oxidation  technique  has 
been  used  to  investigate  the  mechanism  of  the  corrosion  process.1  Further  work 
has  been  done  on  various  types  of  corrosion  inhibition  additives.2'4 

The  kinetics  of  corrosion  of  titanium  metal  by  a DuPont  perf luoropolyether 
(Type  Ml.O-71-t)  or  Krytox)  have  been  explored  in  the  present  study  by  a reflec- 
tance technique. 

Manuscript  received 
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LUBRICANT  CORROSION  CULL  AND  REFLECTANCE  SPECTROMETER 


A high  temperature  corrosion  cell  was  constructed  from  Monel  (see  Fig.  1) 
which  is  not  corroded  by  the  hot  perfluoropolyether.  The  cell  body  contains 
four  resistive  heating  elements  capable  of  raising  the  cell  temperature  to 
400°C  (750°F) . The  temperature  was  recorded  and  controlled  either  by  a Digital 
Equipment  Corp.  (DEC)  PDP  11/10  minicomputer  that  monitored  power  output  to  the 
heaters  through  solid  state  relays  or  by  hand  with  a Variac  adjustable  transformer. 

In  cither  case  ten  minutes  elapsed  as  the  cell  was  brought  up  to  the  operating  tem- 
perature of  215  to  270°C  (419-518°F)  and  stabilized  there.  Cell  temperature  was 
monitored  with  an  Omega  Model  250  digital  platinum  resistance  thermometer  and 
maintained  constant  to  ±1°F  throughout  the  course  of  an  experiment. 

A 1 inch  diameter  cylindrical  hole  through  the  sample  cell  center  accepts  a chem- 
ically pure  titanium  metal  rod  of  the  same  diameter.  Before  each  experiment  a 
squared  off  face  of  the  cylindrical  rod  was  polished  to  remove  corrosion  products 
of  previous  experiments.  Two  polishing  protocols  were  followed:  In  the  one,  in- 
tended to  completely  remove  all  traces  of  corrosion  products,  the  rod  and  cell 
were  sanded  with  carborundum  wet -dry  paper  and  the  rod  face  was  polished  to  a 
high  reflectance  with  a tin  oxide  abrasive.  In  the  second,  intended  to  leave  a 
trace  (< 1 o)  oi  corrosion  products  on  the  face,  a finer  rod  rouge  abrasive  was 
used. 

Ieflon  O-rings  were  used  to  seal  the  cell  around  the  titanium  rod,  and  a \ 
inch  deep  well  above  the  titanium  rod  face  was  filled  with  lubricant.  Assembled 
in  this  manner  the  cell  was  then  brought  up  to  experimental  temperature. 

lhe  reflectance  light  source  was  a Spectra  Physics  CIV  argon-ion  laser  oper- 
ating at  A =5 1 4 nm.  This  wavelength  is  strongly  absorbed  by  the  purple  corrosion 
products.  While  the  maximum  CIV  output  of  the  laser  is  3 watts,  the  intensity 
range  used  in  these  experiments  was  0.5-1  watt.  , 
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Ninety  percent  of  the  laser  beam  passed  through  a 90/10  beam  splitter 

into  the  reflectance  cell.  The  remaining  10%  was  picked  up  by  an  RCA  6342 

photomultiplier  tube  (PMT)  and  served  as  a continuous  light  intensity  refer- 

2 

ence.  The  probe  beam  passed  through  the  lubricant  and  illuminated  a 1 cm 
area  of  the  immersed  face  of  the  titanium  metal  rod.  The  light  reflected  by 
the  titanium  metal  surface  was  detected  by  a second,  identical  PMT. 

Both  photomultiplier  outputs  (sample  and  reference)  were  connected  to  a 
DEC  LPS-11  Analog  to  Digital  Converter  (ADC)  which  in  turn  sends  the  digital 
data  to  a DEC  LSI-11  microprocessor.  The  sample  voltage  was  divided  by  the 
reference  voltage  to  standardize  the  data.  Signal  averaging  for  30  sec  pre- 
ceded the  recording  of  each  data  point.  The  data  points  were  displayed  visu- 
ally on  a Tektronix  4010  graphics  terminal. 

NITROGEN  ATMOSPHERE  EXPERIMENTS 

For  the  reflectance  measurement  under  an  ^ atmosphere  the  cell  was  placed  in 
a polyethylene  glove  bag.  A glass  window  was  incorporated  into  the  side  of  the  bag 
to  admit  the  laser  light.  An  opening  at  the  top  allowed  excess  nitrogen  and  luricant 
vapors  that  boiled  off  to  escape.  Before  the  lubricant  sample  was  placed  in 
the  cell,  the  glove  bag  was  flushed  for  an  hour  with  dry  nitrogen  to  remove  at- 
mospheric oxygen.  The  lubricant  sample  itself  was  deoxygenated  by  bubbling  dry 
nitrogen  through  it  for  4 hours  at  room  temperature.  During  the  corrosion  runs 
a constant  stream  of  nitrogen  passed  over  the  surface  of  the  hot  lubricant  in 
the  cell  to  flush  out  the  evaporating  lubricant.  This  stream  of  nitrogen  also 
kept  the  contents  of  the  glove  bag  under  a constant  positive  nitrogen  pressure. 

OXYGEN  ATMOS  I’ll  ERE.  EXPERIMENTS 

Several  corrosion  experiments  were  performed  with  the  cell  open  to  the  at- 
mosphere and  a fast  stream  of  oxygen  flushing  the  surface  of  the  lubricant  in 
the  reflectance  cell.  Before  each  of  these  runs,  0.,(g)  was  bubbled  through  the 
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lubricant  at  room  temperature  for  4 to  6 hours.  Other  experiments  were  run  under 
a diminished  oxygen  atmosphere.  In  these  experiments  the  cell  was  open  to  the 
air  as  before  but  with  a stream  of  dry  nitrogen  flushing  the  surface  to  the  lubri- 
cant. In  these  experiments  the  lubricant  was  not  pretreated  by  bubbling  nitrogen 
or  other  gases  through  it. 

EVAPORATION  OF  THE  LUBRICANT 

There  are  two  surfaces  that  reflect  light  in  the  lubricant  cell.  One  is 
the  titanium  metal  itself,  the  other  is  the  surface  of  the  lubricant.  By  angling 
the  incident  laser  illumination  the  two  reflections  may  be  separated  and  the  re- 
flection from  the  titanium  surface  selectively  analysed  by  the  sample  PMT.  How- 
ever, as  the  lubricant  boils  away  the  reflection  from  the  surface  of  the  lubri- 
cant moves  towards  the  titanium  surface  reflection  and  may  partially  overlap  it. 

This  causes  a slight  increase  in  the  light  measured  by  the  PMT  and  is  especially 
apparent  towards  the  end  of  each  run.  Thus  during  a normal  corrosion  experiment 
the  observed  change  in  reflected  light  is  caused  by  both  changing  color  of  the 
titanium  surface  and  the  convergence  of  the  two  reflections  from  the  titanium 
and  lubricant  surfaces.  (The  lubricant  absorbs  visible  light  insignificantly.)  This 
complication  was  compensated  for  in  the  analysis  of  the  data.  Since  in  'vb  hours  all 
the  lubricant  in  the  cell  boils  away,  a maximum  duration  of  M>  hours  was  imposed  on 
all  the  experiments. 

In  addition  to  limiting  the  length  of  each  experiment,  the  vapor  escaping  from 
the  heated  oil  also  interferes  with  incident  and  reflected  laser  illumination.  Tem- 
peratures above  -70  (.  were  not  practical  because  the  large  amounts  of  evolving  oil 
vapor  scatter  the  laser  light.  This  was  especially  apparent  when  using  a glove 
bag  during  the  nitrogen  atmosphere  experiments. 

Due  to  the  corrosive  properties  of  the  heated  oil,  the  cell  cannot  be  closed 
off  with  a window  since  glass  and  quartz  are  erroded  by  the  oil  vapor  that  forms 


a frosted  surface  on  the  window.  As  the  oil  breaks  down  it  forms  COF-,,  this  in 

turn  reacts  with  the  glass  surface  to  form  SiF.  and  CCL.1 

**  4 2 

RESULTS  AND  DISCUSSION 

It  has  been  shown  previously  that  perfluoropolyethers  thermally  decompose 
in  the  presence  of  oxygen  producing  COI^  and  CF^COF  as  major  products.1'4  This 
reaction  does  not  occur  to  an  appreciable  extent  at  temperatures  below  320°C 
(610°F) . 

At  temperatures  below  410°C  a limited  oil  degradation  takes  place.  Only  hydro- 
gen terminated  chains  decompose.  It  is  theorized1  that  the  hydrogen  end  groups 
are  more  easily  oxidized  and  that  this  initial  oxidation  leads  to  the  breakdown 
of  the  rest  of  the  chain.  At  temperatures  above  410°C  fluorine-terminated  chains 
will  decompose  as  well. 

M-50  ball  bearing  alloy  was  found  to  accelerate  the  degradation  of  hydro- 
gen-terminated chains.1  Ti(4A£,  4Mn)  alloy  accelerates  the  degradation  to  a greater 
extent  than  does  the  M-50  alloy.  The  Ti(4A£,  4Mn)  alloy  causes  chain  scissions, 
not  just  oxidation  of  weak  end  groups.  Chain  scission  is  caused  by  the  forma- 
tion of  A£F^  which  acts  as  a fluorinating  agent  that  attacks  the  ether  bonds 
in  the  polymers.  A£F,  is  formed  from  R..COF  compounds5  in  the  lubricant  and  A£0CL 
on  the  alloy  surface. 

The  purpose  of  the  present  experiments  was  to  determine  the  kinetics  of  the  cor- 
rosion of  tit;inium  metal  by  hot  perf luoropolyether  as  typified  by  Krytox  MLO-71-6. 

EFFECT  OF  ATMOSPlIliRII  ON  CORROSION 

Virtually  no  titanium  corrosion  was  observed  when  the  sample  was  heated  under  a 
pure  nitrogen  atmosphere  after  the  lubricant  had  been  deoxygenated  by  bubbling 
nitrogen  through  the  liquid.  In  experiment  11  (see  Table  1)  the  cell  was  heated 
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to  270°C  for  90  min  without  any  appreciable  change  in  reflectance  being  observed 
as  compared  with  experiment  6 where  the  reaction  under  an  oxygen  atmosphere  at 
the  same  temperature  was  complete  (1%  of  original  reflectance)  ili  75  min. 

When  the  cell  was  heated  in  a diminished  oxygen  atmosphere  (as  described 
above)  the  titanium  surface  corroded  rapidly.  Reflectance  curves  obtained  were 
characterized  by  a short  initial  fluctuating  period  as  the  cell  came  up  to  tem- 
perature followed  by  an  apparent  first  order  exponential  decrease  in  reflectance 
as  the  titanium  surface  corroded  (see  Figure  2). 

Five  runs  were  made  at  final  temperatures  ranging  from  270°C  down  to  215°C 
(experiments  1 through  5)  and  analysed  as  pseudo-first  order  reactions.  Reac- 
tion rates  are  expressed  in  terms  of  the  variable  x in  the  following  rate  expres- 


Reflectance  = unreacted  titanium  = Ae 

where  A is  the  initial  reflectance  amplitude  or  initial  unreacted  titanium  con- 
centration and  t is  time  in  seconds.  Values  of  x for  these  experiments  are  . 
listed  in  Table  I. 

The  cell  was  also  heated  in  an  oxygen  atmosphere.  Reflectance  curves  simi- 
lar to  those  found  using  a diminished  oxygen  atmosphere  were  obtained  and  an- 
alysed as  described  above.  Results  are  shown  in  Table  I for  three  different 
temperatures  (experiments  6 through  8).  Reaction  rates  were  approximately  twice 
as  fast  using  oxygen  as  compared  to  diminished  oxygen  experiments. 

In  addition  to  being  faster  the  oxygen  atmosphere  experiments  appeared  to 
corrode  the  titanium  to  a greater  extent  than  the  diminished  oxygen  experiments 
did.  The  reflectance  during  the  diminished  oxygen  atmosphere  experiments  de- 
creased to  20-30%  of  its  original  value  while  the  reflectance  for  the  oxygen 
experiments  decreased  to  less  than  2%  of  its  original  value. 
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From  the  In  t versus  reciprocal  Kelvin  temperature  plots  in  Figure  3 for 
the  unpolished  0^  rich  and  N2  rich  sets  of  experiments  the  Arrhenius  activation 
energies  were  calculated  for  the  reactions  and  found  to  be  3.22  kcal  and  5.27 
kcal  respectively. 

The  order  of  the  reaction  was  not  studied  further  as  no  solvent  (for  example 

mineral  oil)  could  be  found  to  dilute  the  lubricant  that  did  not  either  boil  off 

at  the  high  temperature  used  or  adversely  effect  the  titanium  itself. 

The  possibility  that  the  probing  laser  illumination  might  be  effecting  the 

measured  corrosion  rates  was  investigated.  The  laser  was  focused  to  a sharp 
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point  on  the  titanium  surface  approximately  1 mm  in  area.  The  output  of  the 
laser  was  increased  to  3 watts  and  the  cell  heated  to  270°C.  The  titanium  sur- 
face was  not  seen  to  corrode  at  either  a greater  overall  rate  (due  to  a greater 
laser  intensity)  or  preferentially  on  the  area  illuminated  by  the  laser. 

CATALYSIS  OF  DF.GRAOATION  BY  TITANIUM  CORROSION  PRODUCTS 
For  experiments  1 through  8 a small  amount  of  TiF^  corrosion  was  left  on  the 
surface  of  the  titanium  and  on  the  Monel  walls  of  the  cell  (the  Monel  does  not 

corrode  but  does  pick  up  corrosion  products  from  the  side  of  the  titanium  rod). 

' 

The  experiments  produced  a reflectance  versus  time  curve  which  was  characterized 
by  exponential  decrease  (as  described  above). 

For  experiments  9 through  12  the  cell  and  titanium  surfaces  were  thoroughly 
polished  to  remove  all  traces  of  corrosion.  Reflectance  versus  time  curves  for 
these  experiments  showed  the  exponential  decrease  observed  in  the  previous  ex- 
pertinents  but  this  was  preceded  by  an  initial  induction  period  during  which  the 
titanium  degraded  very  slowly  (Figure  2B).  The  corrosion  process  is  3 to  4 times 
slower  on  a pol ished  surface  as  compared  to  a surface  that  starts  out  with  a 


Apparently  the  corrosion  products  accelerate  the  corrosion  process.  The 
lubricant  must  break  down  into  R-COF  type  molecules  (e.g.  COF,  and  CF-COF)  to 
corrode  the  metal;  the  TiF^  may  accelerate  this  polymer  degradation  process. 


Thus,  for  the  experiments  with  TiF^  present  initially,  it  appears  there 
is  a rapid  degradation  of  oil  causing  a rapid  corrosion  of  the  titanium  whereas 
with  the  polished  rod,  the  induction  period  indicates  a much  slower  initial  oil 
degradation  and  titanium  corrosion.  As  the  oil  slowly  corrodes  the  surface, 

TiF-  begins  to  build  up  which  in  turn  accelerates  the  oil  degradation  and  there- 
by the  corrosion.  Perhaps  initial  oil  degradation  involves  oxidation  of  hydrogen- 
terminated  weak  end  groups  whereas  degradation  accelerated  by  the  TiF^  is  chain 
scission. 

To  test  these  theories  a simplified  reaction  scheme  was  used  to  generate 
a computer  simulated  reflectance  curve.  The  first  reaction  is  a slow  degrada- 
tion of  hydrogen  terminated  chains: 

-CF  -CF  -O-CF  -CF  0-  + %0„  -*■  -CF  -CF  -0-  + CF  COF  + COF 

cf3  cf3  cf3  J 1 

A second  faster  reaction  involving  the  TiF^  causes  chain  scissions: 

-CF-CF-O-CFCF  0-  + TiF-  -CFCOF  + C,F  CF  0-  + TiF- 

cf3  cf3  cf3  J 

These  fragments  then  degrade  further  into  COF,  + CF^COF  compounds. 

Finally,  these  RpCOF  compounds  react  with  titanium  metal  to  form  TiF-  cor- 
rosion products.  Concentration  and  rate  constant  parameters  were  adjusted  to 
conform  with  experimental  conditions  and  to  give  the  best  fit  of  the  experimental 
data.  A comparison  of  theory  versus  experiment  is  shown  in  Figure  4. 

As  is  always  true  in  reaction  rate  studies,  other  reaction  schemes  can  be 
found  that  fit  the  data  shown,  but  they  lack  the  simplicity  of  the  scheme  just 


noted. 
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ANA1.YSIS  OF  REACTANTS  AND  PRODUCTS 

An  IR  spectrum  was  run  on  the  oil  sample  before  and  after  each  corrosion 
run,  there  was  no  change  in  the  spectra  after  any  of  the  experiments. 

E:SR  analysis  of  the  surface  of  the  titanium  indicated  there  were  no  radicals 
left  on  the  surface. 
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Figure  Captious 

Fig.  1:  Schematic  of  lubricant  corrosion  cell.  Heating  elements  in  the  Monel 
walls  of  the  cylindrical  cell  are  not  shown,  effectively,  this  is  a 
double  beam  comparison  reflectance  spectrophotometer. 

Fig.  2:  Curve  A is  an  experimental  plot  of  reflectance  of  X = 514  nm  laser 
light  (vertical  axis)  versus  time  for  an  incompletely  polished 
titanium  metal  surface  exposed  to  hot  (270°C)  Krytox  MLO-71-6  under 
a diminished  oxygen  atmosphere.  Curve  B is  a similar  plot  for  a 
well  polished  titanium  metal  surface  under  the  same  experimental 
conditions. 

Fig.  3:  Plot  of  In  r versus  reciprocal  Kelvin  temperature.  Arrhenius  plots 
of  kinetic  data  in  Table  I.  Upper  line  is  based  on  experiments  0 
through  8 involving  an  oxygen  atmosphere  and  incompletely  polished 
titanium.  The  calculated  activation  energy  F.(  = 3.22  keal.  Lower 
line  is  based  on  experiments  1 through  5 involving  a nitrogen  atmo- 
sphere and  incompletely  polished  titanium.  E = 5.27  keal. 
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Fig.  4:  Comparison  plot  of  reflectance  versus  time  curves.  Triangles  are 

experimental  data  (270°C,  diminished  O2  atmosphere) . Black  circles 
are  computer  generated  using  equations  in  the  text. 
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I’hotoacoust  ic  spectrometers  for  recording  visible  spectra  of  o|>aque  as 
well  as  practically  transparent  solid  samples  operate  according  to  basic 
principles  first  described  by  Alexander  Crab am  Hell  (1,2).  A visible  wave- 
length is  selected  by  a monochromator  from  the  white  light  emitted  by  an  arc  1 
or  filament  ourco,  chopped  with  a rotating  sector  at  an  audio  t <(»ouency 
(-50  llz) , and  passed  through  a glass  window  onto  the  sample  surface  in  an  en- 
closed cell  (3).  If  the  surface  absorbs  light  of  the  incident  wavelength, 
electronic  excitation  rapidly  degrades  into  heat  by  radiationless  transitions, 
and  the  layer  of  gas  in  the  cell  in  contact  with  the  sample  surface  is  inter- 
mittently heated  at  the  frequency  with  which  the  light  beam  was  chopped.  The 
resulting  sound  wave  in  the  gas  is  detected  by  a microphone  located  at  a posi- 
tion in  the  cell  where  the  scattered  light  beam  cannot  strike  it.  The  signal 
voltage  from  the  microphone  is  amplified  by  a lock-in  amplifier  that  is  coupled 
to  the  chopping  wheel  in  such  a way  that  only  that  part  of  the  signal  that  bears 
a selected  time  relationship  to  the  repetitive  illumination  intervals  is  ampli- 
lied.  Thus  the  lock-in  amplifier  can  bring  up  to  detectable  levels,  weak  signals 
that  would  otherwise  be  buried  in  random,  environmental  noise. 

I’hotoacoust i c spectroscopy  (PAS)  has  found  recent  use  in  determining  the 
extinction  coefficients  of  highly  transparent  solids  and  gases  (4),  absolute 
fluorescence  quantum  yields  in  liquids  (5),  lifetimes  and  mechanisms  of  radiation- 
less transitions  in  solids  (6),  the  band  edge  in  semiconductors  (7),  the  visible 
absorption  spectrum  ot  highly  scattering  fluids  such  as  whole  blood  (7),  the 
corrosion  chemistry  of  copper  intrauterine  devices  (8),  and  the  near  infrared 
to  ultraviolet  absorption  spectrum  of  an  inorganic  linear-chain  conductor  (9). 
Other  applications  have  included  the  measurement  of  thermal  diffusi vities  in 
solids  (10),  the  measurement  of  t he  visible  absorption  spectrum  of  the  waxy 
cuticle  (surface  layer)  of  a plant  leaf  (11),  the  detection  of  tetracycline 
applied  topically  to  human  skin  (12),  a similar  study  of  newborn  rat  stratum 
corneum  (the  outer  most  layer  of  the  epidermis)  (13),  and  the  detection  of  gases 
evolving  from  the  surface  of  a photoact ivated  heterogeneous  catalyst  (14). 

A great  many  other  studies  have  been  made  in  recent  years  using 
photoacoustic  spectroscopy  to  investigate  the  properties  of  gases  (15). 

karasek’s  investigation  of  two  then  (1977)  commercially  available  photo- 
acoustic spectrometers  for  determining  spectra  of  opaque  specimens  led  him  to 
the  pessimistic  conclusion  that  I’AS  would  not  become  widely  useful  in  studying 
solids  until  sensitive  measurements  are  routinely  possible  in  the  infrared  (16). 

Intense,  broadly  tunable  infrared  emitting  lasers  are  still  not  available, 
but  even  it  they  were,  a much  less  expensive  method  of  enhancing  the  signal  to 
noise  ratio  of  an  infrared  photoacoustic  spectrometer  is  already  available:  the 
Michelson  interferometer  and  Courier  transform  (FT)  techniques.  An  alternative 
approach  is  the  lladamard  transform  spectroscopy  technique  in  which  the  spectral 
information  is  encoded  in  a binary  code  based  on  lladamard  matrices  (17).  This 
corresponds  to  an  algebraic  permutation  of  the  various  spectral  components.  In 
Fourier  transform  spectroscopy,  the  spectral  information  is  encoded  according 
to  sines  and  cosines.  Since  both  the  Fourier  transform  and  lladamard  transform 
spectroscopic  techniques  are  multiplexing  techniques,  they  should  gain  equally 
from  any  advantage  in  the  signal  to  noise  obtained  from  multiplexing  spectral 
information  in  a situation  where  the  system  is  detector  noise  limited  (sec  below). 


In  Sept  ember , 1977,  we  decided  to  assemble  a prototype  Fourier  transform 
pliotoacoust i c spectrometer.  Wo  applied  the  Fourier  transform  technique  since  the 
cost  of  commercial  Had..-  ird  transform  masks  is  of  the  order  (18)  of  $25,000, 
and  an  effective  Michelson  interferometer  can  be  constructed  for  less  than  $10,000 
exclusive  of  control  electronics  and  computer  (19).  We  had  our  prototype  instru- 
ment working  by  April,  1978,  and  reported  (20)  a comparison  of  the  visible  PITAS 
spectrum  of  neodymium  (III)  doped  laser  glass  with  a spectrum  we  had  obtained  , 
previously  (21)  with  a more  conventional  photoacoustic  spectrometer.  The  com- 
bined throughput  and  multiplex  advantages  of  the  interferometer  significantly 
reduce  the  data  collection  time  and/or  improve  the  signal-to-noise  ratio. 

Our  prototype  Fi PAS  apparatus  did  not  have  any  applications  to  the  research 
we  were  then  funded  to  perform  so  that  our  instrument  remains  much  as  we  first 
described  it  (20). 


PHSCK 1 PT  ION  OF  FX  1ST  INC  PROTOTYPE  FTPAS 


l he  fundamental  components  of  a Michelson  interferometer  arc  depicted  sche- 
matically in  lig,  1.  One  possible  misconception  regarding  the  use  of  a Michelson 
interferometer  at  visible  wavelengths  is  that  it  is  difficult  to  obtain  a suffi- 
ciently precise  movement  for  the  scanning  mirror,  M\ , to  provide  useful  resolu- 
tion in  the  absorption  spectrum  (Fourier  transformed  interferogram) . This  is 
definitely  not  the  case.  The  actual  reason  that  FT  techniques  are  not  common- 
place in  visible  spectroscopy  is  that  the  usual  visible  spectrophotometer  with 
a photomultiplier  tube  for  a detector  is  source-noise- 1 imi ted  rather  than  detector- 
noise-  1 imited  so  that  FT  methodology  does  not  improve  (and  actually  degrades)  the 
quality  of  the  measured  spectrum. 

Light  from  the  source  S is  split  into  two  beams  of  approximately  equal  ampli- 
tude. If  the  two  beams  have  traversed  precisely  the  same  effective  path  length 
in  returning  from  the  mirrors  to  t he  beamsplitter  15,  they  will  be  in  phase  with 
one  another  and  will  interfere  constructively.  In  order  to  provide  exactly 
equivalent  paths  in  both  arms  of  the  interferometer,  a compensating  plate  of 
material  identical  to  the  beamsplitter  substrate  but  without  the  bcamsplitting 
coatings,  is  placed  in  the  appropriate  arm  of  the  interferometer.  This  compen- 
sates tor  any  wavelength  dependent  dispersion  of  the  beam  splitter  substrate. 

Any  difference  in  path  length  is  referred  to  as  retardation.  If  the  effective 
path  length  on  reaching  15  differs  by  a half  integral  wavelength  distance,  the 
beams  from  the  two  arms  will  he  out  of  phase  and  will  destructively  interfere  I 
with  each  other.  We  will  rotor  to  the  bright  areas  of  constructive  interference 
as  "bright  fringes". 

Ihe  actual  beam  path  for  light  passing  through  an  interferometer  may  he  more 
easily  visualized  with  the  aid  of  Fig.  2 which  shows  an  equivalent  arrangement 
for  the  mirrors  in  Fig.  1.  The  case  illustrated  is  for  one  mirror,  Mj , being 
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Fig.  1.  Schematic  of  a Michelson  interferometer.  S in  the  FTPAS  is  a 100  watt 
tungsten  iodide  lamp.  M]  is  a movable  front  surface  mirror,  L is  a collimating 
lens,  and  M is  a "stationary"  front  surface  mirror.  Mj  flutters  to  provide  the 
analog  of  beam  chopping  in  ordinary  PAS,  B is  a half  silvered  beam  splitter,  C 
is  a compensating  plate,  and  I)  is  the  detector  (a  piezoelectric  transducer,  micro- 
phone, photomultiplier  tube,  or  the  eye  of  an  observer).  The  crosshatching  on 
0 depicts  a sample  material  that  in  the  case  of  a piezoelectric  detector  is  glued 
to  the  piezoelectric. 

nearer  to  the  beam  splitter  than  the  other  mirror,  M^.  The  virtual  images  of 
the  source,  Sj,  appearing  in  each  mirror  are  identified  by  the  appropriate  sub- 
scripts. If  the  path  lengths  in  the  two  arms  differ  by  distance  d,  then  the 
virtual  sources  arc  separated  by  2d,  since  the  path  is  traversed  twice  by  the 
beam  on  its  way  to  and  from  the  mirrors.  The  appropriate  arrangement  of  the 
mirrors  in  the  interferometer  used  in  FTPAS  is  that  in  which  the  mirrors  are 
perfectly  perpendicular.  Ihis  is  equivalent  to  the  parallel  positioning  in  Fig. 

2 and  contrasts  with  some  other  interferometric  geometries  in  which  one  mirror 
is  canted  with  respect  to  the  other. 


If  a perfectly  aligned  Michelson  interferometer  is  illuminated  with  a mono- 
chromatic light  source  and  an  observer  places  his  eye  at  the  output  of  the  inter- 
ferometer, looking  back  toward  the  beam  splitter  and  source  (Fig.  2),  he  will 
observe  circular  interference  fringes.  Although  all  rays  of  light  reflected 
normal  to  tin'  mirrors  will  be  in  phase,  rays  reflected  at  any  angle  will  not, 
in  general,  be  in  phase.  Figure  2 shows  that  for  any  given  angle  0 the  path 
difference  is  given  by  2d  cos  0.  Since  the  rays  must  be  parallel  for  inter- 
ference to  occur,  0 must  In-  the  same  for  both  rays  coming  from  cither  virtual 
source,  Sj  or  S; . The  rays  will  reinforce  each  other  to  produce  maxima  or  bright 
fringes  for  those  angles  0 which  satisfy  the  relationship: 

2d  cos  0 = m A (1) 
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I-ij’,.  2.  Schematic  ol  1 i ii t paths  in  a Michclson  interferometer.  Compensating 
plate  has  been  omitted  ior  clarity.  See  text  for  complete  description. 


Here  d is  the  mirror  separation,  1 is  the  wavelength,  m is  an  integer,  and  0 
is  a constant  which  produces  a circular  fringe.  If  m is  half  integer,  then 
destructive  interference  occurs  and  a dark  fringe  results.  At  the  center  of  the 
fringe,  0 is  zero  and  cos  (3  = 1,  so  that  equation  1 becomes 

2d  = m X (2) 

In  order  for  m to  change  by  unity,  d must  change  by  X.  As  the  two  virtual 
sources  Sj  and  S2 , approach  cacti  other,  the  angle  0 must  decrease  and  the  fringes 
become  more  widely  spaced.  At  a critical  position,  there  is  only  one  dark  fringe 
visible.  This  happens  when  Mj  and  M2  are  exactly  coincident,  since  for  this  pos- 
ition the  path  difference  is  zero  for  all  angles  of  incidence. 

It  white  light  is  used  to  illuminate  the  interferometer,  no  fringes  will  be 
seen  except  very  close  to  zero  path  difference  between  the  two  mirrors.  At  zero 
path  ditterence  there  will  be  a dark  central  fringe,  bordered  by  eight  to  ten 
colored  fringes.  'Hint  there  are  only  a few  fringes  visible  with  white  light  is 
easily  accounted  for  by  recalling  that  all  wavelengths  between  -400  and  750  nm 
are  contained  in  visible  light.  There  will  be  coincidence  of  various  wavelength 
fringes  only  for  d = 0,  since  the  fringe  spacing  varies  according  to  the  wave- 
length with  fringes  for  longer  wavelengths  being  more  widely  spaced.  Clearly 
the  fringes  of  different  colors  will  begin  to  separate  on  cither  side  of  zero 
producing  impure  colors.  After  eight  or  ten  fringes  so  many  colors  are  present 
that  the  resultant  is  essentially  white.  Interference  is  still  occurring,  but 
the  eye  is  not  sensitive  enough  to  resolve  the  variations  in  intensity. 


I wo  techniques  are  useful  for  locating  the  zero  path  difference  position 
of  the  mirrors.  One  ot  these  is  to  use  a monochromatic  light  source  and  locate  i 
that  position  ol  the  two  mirrors  for  which  the  central  fringe  has  expanded  to 
fill  the  field  of  view  as  mentioned  above.  Another  is  to  use  a monochromatic 
light  source  that  is  actually  a doublet  such  as  the  sodium  I)  line.  The  inter- 
ference produced  by  two  closely  spaced  spectral  lines  will  be  a sine  wave  whose 
amplitude  varies  at  some  lower  sinusoidal  frequency.  Ihc  output  of  the  interfero- 
meter is  focused  on  a photomultiplier  and  the  path  length  difference  of  the  two 
mirrors  is  varied  in  some  uniform  manner  (i.c.  a sawtooth  motion).  If  the  out- 


4 


: ’•ns'-^ar- 


Fig-  3.  lypical  i nterlcrogram  of  a broadband  light  source.  A schematic  of 
t lie  trace  observed  on  an  oscilloscope  screen  when  the  I’MT  voltage  (vertical) 
is  displayed  versus  time  (horizontal).  The  time  axis  corresponds  to  changes 
in  the  mirror  position  Mj  of  Fig.  1 about  equal  path  difference  in  the  arms  of 
the  interferometer. 


put  of  the  photomultiplier  is  displayed  on  an  oscilloscope,  the  sinusoidal 
envelope  which  contains  a high  frequency  sinusoidal  modulation  is  observed  and 
as  the  path  lengths  of  the  two  arms  approach  equality,  the  modulation  depth  of 
the  higher  Frequency  sinusoidal  modulation  in  the  envelope  increases.  If  the 
interferometer  is  adjusted  to  produce  a maximum  modulation  depth,  zero  path 
difference  has  been  located.  If  a white  light  is  then  used  to  illuminate  the 
interferometer,  the  photomultiplier  should  detect  the  expected  eight  to  ten 
fringes  and  present  the  typical  interferogram  of  a broadband  source,  see  Fig.  3. 

I he  amount  of  light  passing  through  the  interferometer  will  remain  essentially 
a constant  it  averaged  over  the  entire  field  of  view.  Only  the  central  (Airy) 
disc  will  vary  as  the  interferogram  of  the  source.  For  this  reason,  one  places 
an  aperture  at  the  focus  of  the  interference  pattern  and  only  allows  the  central 
portion  of  the  fringe  pattern  to  fall  on  the  detector. 

Since  Fourier  transform  photoacoustic  spectroscopy  (FTPAS)  still  requires 
a modulation  of  the  optical  signal  at  the  detector,  the  source  intensity  must 
be  modulated  in  some  manner.  This  may  be  accompl i shed  by  a technique  known  as 
phase  modulation  (2d).  This  method,  also  known  as  internal  modulation,  requires 
a slow  scanning  inter! erometer,  usually  employing  the  step  and  integrate  method 
of  traversing  the  moving  mirror.  At  discrete  positions  of  the  moving  mirror  the 
beam  is  modulated  not  by  a chopper,  but  by  periodically  varying  the  retardation 
of  the  moving  mirror  by  a small  amount.  This  small  variation  in  the  retardation 
or  jitter,  it  made  infinitesimally  small,  would  result  in  the  measured  interfero- 
gram being  the  lirst  derivative  of  the  interferogram.  In  practice,  even  with 
Finite  jitter  amplitudes,  a phase  modulated  interferogram  is  a very  good  approxi- 
mation to  the  lirst  derivative  oF  the  amplitude  modulated  interferogram.  An  added 
benefit  of  a phase  modulated  interferogram  is  that  the  large  DC  offset  which  other- 
wise must  be  measured  is  eliminated.  This  DC  offset  corresponds  to  white  light  I 
which  does  not  interfere  with  itself  in  the  interferogram  and  presents  a large 
background.  Since  the  first  derivative  of  an  amplitude  modulated  interferogram 
is  a sine  function,  the  spectrum  can  then  be  computed  from  the  interferogram  by 
sine  transform  (22). 
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Another  modulation  technique,  known  as  rapid  scan,  takes  advantage  of  the 
fact  that  if  the  input  to  an  interferometer  is  monochromatic  and  the  mirror  is 
moved  at  a constant  vellocity,  the  ouput  of  the  detector  varies  sinusoidally 
with  a frequency  given  by  f0  = 2Vo  (Hr.).  In  this  equation,  V is  the  mirror  velocity 
in  cm. /sec.,  and  a is  the  wave  number  of  the  light  in  cm-*.  The  factor  of  two 
appears  because  if  the  mirror  moves  at  velocity  V,  the  retardation  is  changing 
at  a rate  of  2V . Thus  each  wavelength  is  modulated  at  its  own  characteristic 
frequency.  the  rapid  scan  technique  would  be  advantageous  for  kinetic  measure- 
ments, but  has  no  special  advantages  (ex"ept  in  the  smaller  dynamic  range  required 
in  the  rapid  scan  electronics)  for  the  determination  of  absorption  spectra  of 
static  or  nearly  static  sample  systems. 

In  photoacoustic  spectroscopy,  signal  amplitude  increases  only  when  absorp- 
tion occurs.  Thus,  photoacoustic  spectra  will  be  absorption  spectra  as  opposed 
to  I-  HR  spectra  which  are  transmission  spectra.  FTPAS  i nterferograms  should 
then  show  modulation  at  high  values  of  retardation  as  well  as  near  zero  retarda- 
tion. This  comes  about  as  a consequence  of  the  properties  of  Fourier  transforms 
which  cause  very  broad  general  feature  information  to  be  collected  at  low  re- 
tardation, with  narrow  and  sharp  features  ("high  frequency")  to  be  collected 
at  higher  retardation. 

The  entire  interferometer  is  mounted  on  a 96  x 80  x 20  cm  granite  slab  which 
rests  on  a ~I5  cm  thick  bed  of  polyurethane  foam.  The  combination  of  approximately 
300  kilograms  of  granite  and  15  cm  of  foam  effectively  decouples  the  interfero- 
meter from  mechanical  and  seismic  events  in  the  building.  The  framework  of  the 
interferometer  is  one  inch  diameter  stainless  stell  rod  and  is  somewhat  sensi-  , 
tivc  to  thermal  expansion  caused  by  heating  from  the  light  source.  The  5 cm,  yjj- 
(full  aperture)  mirrors  (Pyramid  Optical  Corp.)  are  mounted  in  Star-Gimbal 
mounts^  (Burleigh).  The  visible  wavelength  beam  splitter  and  compensating  plate  are 
both  (parallel  to  one  second  of  arc)  with  5 cm  full  aperture  (Pyramid  Optical 
Corp.).  Ihe  beam  splitter  is  located  in  a 45°  optical  mount  (Burleigh)  which  is 


supported  by  a Star-Gimbal  mount  for  adjustment.  The  fixed  mirror  is  also  the  phase 
modulating  mirror.  In  order  to  accomplish  the  phase  modulation  the  mirror  is 
mounted  on  a PZAT-90  (Burleigh)  piezoelectric  mount.  There  is  sufficient  linear 
motion  available  (10  micrometers/1000  V)  from  this  mount  to  drive  several  orders 
of  visible  fringes. 

Figure  1 is  a schematic  of  the  step  and  integrate  FTPAS  apparatus  we  have 
described  in  the  preceding  paragraphs. 

A representative  i nt erferogram  (Fig.  5)  and  transformed  absorbance  spectrum 
(lig.  6)  ot  neodymium  (111)  doped  laser  glass  suggest  the  potential  utility  of 
FTPAS  for  obtaining  high  resolution  spectra  in  analytical  chemistry.  In  this 
case  the  11  feature  of  the  experiment  greatly  speeds  the  accumulation  of  data 
(20):  Ihe  ordinary  PAS  spectrum,  curve  b of  Fig.  6,  required  90  minutes  to 

collect  with  a 150-lV  Xenon  arc  lamp.  The  1TPAS  spectrum,  curve  a of  Fig.  6, 
was  collected  and  transformed  in  less  than  4 minutes  using  only  a 100-W  tungsten- 
iodide  lamp  as  the  light  source. 

i 

Ihe  rough  correspondence  of  the  three  neodymium  glass  spectra  in  Fig.  6 is 
encouraging,  but  it  is  important  to  determine  the  cause  or  causes  of  the  obvious 
discrepancies.  Probably  the  most  important  of  these  causes,  yet  to  be  investi- 
gated in  detail,  are  phase  errors  in  the  measured  interferogram . As  stated 
earlier,  linear  motion  of  the  PZAT-91)  was  assumed  (i.c.  constant  velocity  for  , 

the  phase  modulation  method  and  linear  voltage  response  for  the  step  and  integrate 
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Schematic  of  a stop  and  integrate  Fourier  transform-visible-photo- 
acoustic  spectrometer.  The  Michclson  interferometer  is  in  the  top  right- 
hand  corner. 


method.)  in  fact,  this  motion  is  linear  to  an  accuracy  of  about  . If  not 
taken  account  of,  this  slight  nonlinearity  of  motion  will  lead  to  a non-linear 
wavelength  scale  in  the  resulting  spectrum.  There  are  several  avenues  available 
to  correct  for  such  an  effect.  Burleigh  Instruments  Inc.  now  markets  a new  driver 
(RC-45)  which  will  reduce  the  nonlinearity  of  motion  by  an  order  of  magnitude 


to  about  0.5,i.  On  the  other  hand,  a correction  function  to  be  used  in  the  numerical 
transform  could  be  constructed  from  a detailed  investigation  of  intcrferogrnms 
resulting  from  the  use  of  a monochromatic  light  source.  If  the  interferometer 
is  illuminated  with  monochromatic  light,  the  phase  modulated  output  is  a sinusoidal 
variation,  the  frequency  of  which  depends  on  the  wavelength  of  light  used.  Non- 
linearities  in  the  mirror  velocity  result  in  a varying  modulation  frequency.  Where 
the  mirror  is  moving  faster  than  average,  this  sinusoidal  frequency  is  higher. 

Where  the  mirror  is  moving  slower  than  average,  the  frequency  is  lower.  By  study- 
ing these  variations,  a true  velocity  profile  for  the  mirror  can  be  derived.  Of 
course,  a nonlinear  voltage-mirror  step  relationship  could  be  mapped  in  a similar 
fash i on . 

Another  phase  error  may  arise  from  imperfect  alignment  of  the  compensating 
plate  of  the  interferometer.  This  results  in  the  position  of  zero  path  difference 
for  each  wavelength  not  occurring  at  the  same  mirror  position. 

If  the  absorption  spectrum  of  the  particular  sample  is  not  flat  across  the 
visible  region,  each  wavelength  is  being  absorbed  at  some  depth  in  the  sample  charac- 
teristic of  the  absorption  at  that  wavelength.  (The  wavelength  that  is  least 
strongly  absorbed  penetrates  the  sample  surface  to  the  greatest  depth.)  As  the  re- 
sult ing  acoustic  waves  travel  through  t lie  sample  toward  the  attached  piezoelectric 
transducer,  mutual  interference  might  occur  between  the  waves  launched  from  differ- 
ing distances  beneath  the  surface  at  differing  acoustic  frequencies. 

There  are  basically  two  techniques  for  mathematically  correcting  general 
phase  errors  (23,24)  in  a distorted  interferogram.  In  a perfect  interferogram 
the  data  collected  are  either  antisymmetric  or  symmetric  about  the  zero  path 
difference  (ZPP)  position  of  the  mirror  corresponding  to  whether  an  internal 
modulation  was  or  was  not  used.  In  practice,  this  fact  is  used  to  advantage 
by  sampling  the  interferogram  on  one  side  of  ZPD  only,  thereby  increasing  the  | 

path  difference,  and  hence  the  resolution,  for  a given  distance  of  mirror  motion. 
Phase  errors  in  an  interferogram  are  manifested  by  the  lack  of  symmetry  about 


Zl'l).  If  the  interferogram  is  sampled  for  equal  intervals  on  cither  side  of  the 


interferogram 


Fig.  5.  Photoacoustic  interfcrogram  of  Nd:glass  samDle. 


WAVELENGTH, nm 


l'ig.  0.  Absorption  spectra  of  Ndrglass  samples.  Curve  a calculated  from  the 
interfcrogram  of  lig.  5.  The  spectrum  has  not  been  source  normalized  (i.c. 
signal  has  not  been  divided  by  light  source  intensity  at  each  wavelength).  The 
interfcrogram  was  based  on  samples  taken  at  2 S (>  equally  spaced  mirror  positions 
The  spectral  resolution  is  850  cm'1  or  '20  nm  0 X = 500  nm.  Curve  b is  a dis- 
persive PAS  spect  rum  ;M  of  the  same  sample.  Curve  £ is  a portion  of  a"  typical 
absorption  spectrum  of  another  Ndtglass  sample  taken  front  the  literature  (K. 
Ilauptmanova,  .1.  Pnntoflicck,  and  K.  Patek,  Phys.  Stat.  Sol.,  9,  525  (1905).) 


i.1  I)  position,  the  phase  errors  are  essentially  cancelled  in  the  resulting  two 
sided  1 1 ans format  ion.  However,  this  has  the  dist  inct  disadvantage  of  reducing 
the  effective  total  retardation  (resolution)  ;n  half  compared  to  an  interfero- 
gram  collected  on  one  side  of  the  ZP1)  position  only.  Both  techniques  of  phase 
correction  use  a similar  scheme,  only  differing  in  whether  the  correction  is 
applied  to  the  data  before  or  after  numerical  transformation  of  the  interferogram . 

In  each  correction  scheme  a correction  function  is  constructed  by  taking  a 
relatively  few  data  points  (compared  to  the  total  number  of  points  in  the  inter- 
f'erogram,  typically  S-I0o  of  the  total)  centered  about  the  ZPD  position  and 
transforming  to  get  a spectrum.  The  fact  that  phase  errors  arc  present  results 
in  this  spectrum  being  complex  as  opposed  to  a purely  real  or  imaginary  spectrum 
resulting  from  a symmetric  or  antisymmetric  interferogram.  From  this  complex 
spectrum  a phase  function  can  lie  constructed  which  is  a measure  of  how  much  phase 
error  is  actually  present,  this  function  being  identically  zero  for  a perfect 
interferogram.  Because  the  two  sided  phase  correction  interferogram  was  sampled 
at  the  same  spacing  as  the  full  interferogram,  it  covers  the  same  spectral  range. 

I lie  phase  correction  function  can  now  be  smoothed  by  interpolation  to  have  the 
same  number  of  data  points  as  the  full  one  sided  interferogram  and  applied  to 
it  in  such  a manner  as  to  compensate  for  the  phase  errors  actually  present. 

While  the  finite  number  of  data  points  used  and  truncation  effects  in  this 
scheme  give  rise  to  an  imperfect  spectrum,  application  of  this  method  in  an 
iterative  fashion  can  yield  any  desired  degree  of  improvement. 

While  the  technique  allows  one  to  essentially  use  a one  sided  interferogram, 
and  thus  get  the  maximum  resolution  for  a given  mirror  motion,  it  also  allows 
detailed  examination  of  phase  shifts  occurring  in  the  sample.  Using  the  above 
phase  correction  scheme  with  a blackhody  detector  such  as  a blackened  piezoelectric 
detector,  one  is  measuring  the  instrumental  phase  spectrum  characteristic  ofthe 
instrument.  By  comparing  this  phase  spectrum  with  the  phase  spectrum  obtained 
with  a sample  attached  to  1 he  transducer,  a phase  spectrum  of  the  sample  is  ob- 
tained. In  principle,  this  allows  a calculation  of  the  absorption  depth  for 
each  wavelength  and  some  indication  of  whether  the  acoustic  interference  alluded 
to  earlier  is  in  fact  significant. 

In  order  to  derive  an  accurate  wavelength  scale,  one  conventionally  references 
the  sample  interferogram  to  an  interferogram  obtained  using  a monochromatic  source 
such  as  a laser.  To  date,  our  instrument  does  not  incorporate  such  a laser  refer- 
encing system. 


Another  problem  to  be  addressed  is  the  sensitivity  of  the  detector.  While 
a microphone  is  inherently  more  sensitive  than  a piezoelectric  crystal,  there 
appear  to  be  fundamental  problems  in  using  a microphone  as  an  FTP/VS  detector. 
The  phase  delay  due  to  the  sound  wave  propagation  thru  the  intermediate  gas 
medium  interacts  with  the  Fourier  transform  modulation  encoding  to  give  severe 
measurement  problems.  As  the  microphone's  sensitivity  is  typically  a function 
of  frequency,  in  a rapid  scan  experiment  where  there  is  a range  of  frequencies 
present  this  non-constant  response  must  he  accounted  for. 
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